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Lignocellulosic biomass-derived, graphene sheet-like porous activated carbon for
electrochemical supercapacitor and catechin sensing
Abstract
We synthesize graphene sheet-like porous activated carbon (GPAC) with a high specific surface area by
using Bougainvillea spectabilis as a precursor with the assistance of a facile and reliable chemical
activation method. The as-synthesized GPAC materials were characterized with a variety of physicochemical and analytical techniques to investigate their structural and porous properties. In addition, we
apply the synthesized GPAC as an electrode material for supercapacitor and catechin sensing, and
corresponding electrochemical studies were carried out using cyclic voltammetry, galvanostatic chargedischarge and differential pulse voltammetry. For supercapacitor application, the GPAC exhibits a specific
capacitance of 233 F g -1 (at a current density of 1.6 A g -1 ) and an energy density of 7.2 W h kg -1 (for a
symmetric cell). For the sensing application, the GPAC exhibits sensitive detection of catechin (CA). We
achieved good sensitivity, an extensive linear range, and a low limit of detection for the CA sensor, with
values of 7.2 μA μM -1 cm -2 , 4-368 μM, and 0.67 μM, respectively. We further test the GPAC sensor in
green tea leaves for real time CA detection. This work demonstrates the successful conversion of waste
biomass to useful electrochemical devices.
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Lignocellulosic biomass-derived, graphene sheetlike porous activated carbon for electrochemical
supercapacitor and catechin sensing†
Vediyappan Veeramani,ab Mani Sivakumar,b Shen-Ming Chen, *b Rajesh Madhu,c
Hatem R. Alamri,d Zeid A. Alothman,e Md. Shahriar A. Hossain,fg Ching-Kuo Chen,b
Yusuke Yamauchi,fgh Nobuyoshi Miyamotoc and Kevin C.-W. Wu *a
We synthesize graphene sheet-like porous activated carbon (GPAC) with a high speciﬁc surface area by
using Bougainvillea spectabilis as a precursor with the assistance of a facile and reliable chemical
activation method. The as-synthesized GPAC materials were characterized with a variety of physicochemical and analytical techniques to investigate their structural and porous properties. In addition, we
apply the synthesized GPAC as an electrode material for supercapacitor and catechin sensing, and
corresponding electrochemical studies were carried out using cyclic voltammetry, galvanostatic charge–
discharge and diﬀerential pulse voltammetry. For supercapacitor application, the GPAC exhibits a speciﬁc
capacitance of 233 F g1 (at a current density of 1.6 A g1) and an energy density of 7.2 W h kg1
(for a symmetric cell). For the sensing application, the GPAC exhibits sensitive detection of catechin (CA).
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We achieved good sensitivity, an extensive linear range, and a low limit of detection for the CA sensor,
with values of 7.2 mA mM1 cm2, 4–368 mM, and 0.67 mM, respectively. We further test the GPAC sensor
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in green tea leaves for real time CA detection. This work demonstrates the successful conversion of
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waste biomass to useful electrochemical devices.

1. Introduction
Carbon-based nanomaterials (e.g. graphene oxide (GO), carbon
nanotube (CNT), fullerene, etc.) exhibit many advantages such as
high specic surface area, meso-/micro-porosity, and high electrical conductivity, so they have been considered useful for
various applications.1–3 In contrast to graphene oxide and carbon
nanotubes, which require complicated synthetic processes and
instrumental set-ups, activated carbons (ACs) can be prepared
a
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from various types of biomass (coconut shell, dead mango leaves,
guava leaves, water hyacinth, water bamboo, pumpkin stems,
eggplants, etc.).1,4–9 In addition, the synthesized ACs have been
employed in various applications such as supercapacitors,5,10,11
Li-ion batteries,12 removal of organic dyes and toxic metal ions,4
electrochemical and biomedical sensors,8 and electrocatalysts,13,14 owing to their high surface area with modulated
pore size, low cost, self-doping of heteroatoms, and natural
abundance.4,5 Hence, it is becoming a hot research topic around
the world to prepare functional ACs from biomass conversion
and to apply the synthesized functional ACs in various electrochemical applications.15
The supercapacitor is one of the important electrochemical
applications owing to its high power density and long cycle
life.16–21 Based on the fundamentals of their storage mechanisms, supercapacitors have been classied into two types: (1)
electrochemical double layer capacitors (EDLCs), where electrostatic charges are accumulated on the surfaces of electrode
materials and electrolyte interfaces, and (2) pseudocapacitors,
which have electrodes with the faradaic redox mechanism.22 In
both cases, biomass-derived porous carbon materials are
potentially useful in supercapacitors, owing to their versatile
properties such as self-doping of heteroatoms (N, S), high
specic surface area, and various kinds of pore sizes.22–24
Recently, other examples using graphene, CNTs, and carbon

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 25 September 2017. Downloaded on 16/10/2017 22:30:17.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

RSC Advances

Scheme 1 Synthesis of graphene sheet-like activated carbon (GPAC)
and its applications as an electrode material for supercapacitors and
catechin sensor.

nanobers have also demonstrated good performance for
supercapacitor application.21,25,26
In grocery stores, there are various foods that contain cancerghting properties owing to their antioxidants and radical scavenger properties.27,28 Among these, catechin (CA) belongs to the
avonoid family and features polyphenol groups. Moreover, it is
contained in a variety of common foods and drinks, such as
fruits, vegetables, wines, and some types of tea. For examples,
green tea contains a high percentage of CA, up to 30%, so it
provides chemo-preventative properties that are benecial to
human health for reducing the risk of coronary heart disease and
decreasing high blood pressure.29–31 Furthermore, it participates
in many activities in the human body with relevance to preventing atherosclerosis and diabetes, and it has anti-carcinogenic
anti-inammatory properties.32 There are various methods for
the detection of CA, such as thin-layer chromatography (TLC),
capillary electrophoresis (CE), high performance liquid chromatography with ultraviolet detection (HPLC-UV), biomimetic
sensors, and electrochemical methods.33–35 Among them, the
electrochemical method is the best choice because of its simple
and time-saving operation processes, good response time, high
sensitivity, excellent selectivity, and low cost.36
Here, we use a biomass precursor (i.e. Bougainvillea spectabilis) to synthesize graphene sheet-like porous activated carbon
(namely, GPAC), as shown in Scheme 1. Aer that, we further
applied the synthesized GPAC as supercapacitor electrodes. The
assembled supercapacitor device with a maximum capacitance
of 233 F g1 was tested and demonstrated using light emitting
diode (LED) light (Scheme 1(i)). Additionally, a GPAC modied
glassy carbon electrode (GCE) was applied for real-time detection of CA in green tea samples, with an enhanced detection
limit of 0.67 mM (Scheme 1(ii)).

2.

Experimental

biomass source. The preparation of GPAC was modied from
a previous report.5 Typically, the owers were cut into a small
pieces and then kept in a water bath for one day. Aer that, the
water was removed, and then the residue was dried in an oven at
100  C. Aerwards, the dried material was preheated at 200  C
for 6 h and then ground into a ne powder. For the activation
process, the preheated carbon powder was mixed with 10%
ZnCl2, then stirred at 60  C under N2 atmosphere for 24 h. Aer
that, the powder was carbonized in a tubular furnace at
diﬀerent temperatures for 3 h in N2 atmosphere with a heating
rate of 5  C min1. Finally, the carbonized powder was washed
with 1.0 M HCl and hot distilled water until the pH reached
neutral, prior to drying it at 100  C overnight. The assynthesized carbon samples were labelled as AC-700, AC-800
(also called GPAC), and AC-900 for samples calcined at 700,
800, and 900  C, respectively.
2.2. Fabrication of electrodes
(i) Supercapacitor. For supercapacitor application, the
electrodes were prepared by mixing sample powder (AC-700,
GPAC, or AC-900; 85 wt%), graphite (10 wt%), and poly
(vinylidene diuoride) (PVDF 5 wt%) with 0.4 mL of N-methylpyrrolidinone (NMP) to form a homogeneous slurry. Then, 20
mL of the slurry was drop-coated on a nickel foil electrode with
an area of 1  1 cm2, followed by drying overnight at 60  C.
Prior to the electrochemical studies, the electrode was soaked in
electrolyte for a few hours and used as the working electrode.
For the preparation of polyvinyl alcohol (PVA)–KOH gel electrolyte solution, 1 g of PVA was mixed with 20 mL of hot (80  C)
de-ionised (DI) water under magnetic stirring, and then 10 mL
of 2.0 M KOH solution was added to the above solution. The
whole mixture was kept until the formation of gel-like appearance of the electrolyte solution. The capacitance value was
calculated from cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) measurements. In CV, C ¼ Q/(m  DV),
where, C, Q, m, and DV represent the specic capacitance
(F g1), average charge during the CV scans, mass of the active
materials, and working potential range, respectively. In GCD, C
¼ (I  Dt)/(m  DV), where, I (A), and Dt (s) represent the current
density and discharge time, respectively.
(ii) Sensor. The as-prepared GPAC solution (5.0 mg mL1)
was dispersed in an ethanol solution, followed by sonication for
2 h. The surface of the GCE was cleaned in advance by using
alumina powder and washing with ethanol and DI water under
sonication for 1 min in each solvent. Next, a certain amount of
GPAC solution (i.e. 4, 6, and 8 mL) was drop casted on the GCE
surface, and the whole sample was kept at 30  C in an oven for
15 min. Before the sensing experiment, the GPAC-coated GCE
was rinsed with DI water to remove unconsolidated GPAC. Aer
that, the GPAC-coated GCE was used as the working electrode,
Ag/AgCl (sat. KCl) was the reference electrode, and platinum
wire was used as the counter electrode.

2.1. Synthesis of graphene sheet-like porous activated
carbons (GPAC)

2.3. Instrumentation

Bougainvillea spectabilis owers were collected from National
Taipei University of Technology (NTUT) campus and used as the

The crystallinity of the samples were characterized by X-ray
diﬀraction (Rigaku, MiniFlex II). The surface morphology and

This journal is © The Royal Society of Chemistry 2017
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structure of the samples were observed with eld-emission
scanning electron microscopy (FE-SEM; Hitachi S-3000) and
transmission electron microscopy (TEM; JEOL operated at
300 kV), respectively. The porous properties of the samples were
analyzed with N2 adsorption/desorption isotherms (Quantachrome, Autosorb-1 system). For the elemental analysis, X-ray
photoelectron spectroscopy (XPS) was carried out (ULVAC-PHI
PHI 5000 Versa Probe instrument). The surface functionality
of the samples were measured with Raman spectroscopy
(WITeck CRM200 confocal microscopy Raman system). The
cyclic voltammetry (CV), galvanostatic charge–discharge (GCD),
and diﬀerential pulse voltammetry (DPV) studies were accomplished by using a CHI 627 (CH instrument) electrochemical
analyzer.

Paper

The typical SEM and HR-TEM images of the GPAC, AC-700, and
AC-900 samples are shown in Fig. 1 and S1,† respectively. A
ake-like morphology was obtained for the sample calcined at
700  C (i.e. AC-700) (Fig. S1a†), while increasing the carbonization temperature to 800  C, it changed into a wrinkled
graphene sheet-like morphology (i.e. GPAC) (Fig. 1a and b). On
further increasing the temperature, the graphene sheet-like
carbon changed into a particle morphology (Fig. S1b†).
The ne structure of the GPAC sample was further examined
by HR-TEM. Fig. S1(c and d)† shows the AC-700 and AC-900
samples, which conrmed the ake-like morphology of the
former sample. In contrast to AC-700 and AC-900, it was
conrmed that the GPAC sample indeed exhibited multilayer
wrinkled graphene sheets, as shown in Fig. 1c. Additionally,
Fig. 1d and the inset gures to Fig. S1c and d† show high-

resolution HR-TEM images of all samples, which further
conrm that the obtained samples were mesoporous with
amorphous graphitic carbon frameworks.
The physical and chemical properties of the as-synthesized
samples were investigated by XRD, Raman spectroscopy, XPS,
nitrogen adsorption/desorption isotherms, and pore size
distribution studies. As shown in Fig. 2a, for a typical GPAC
sample, there are two XRD peaks at 23.8 and 43 , which are
consistent with the (002) and (100) planes of graphitic carbon
and disordered carbon, respectively. The intensities of the
peaks were low due to the low crystallinity of the graphitic
structure. Raman spectroscopy further conrmed the graphitic
carbon (G band) and disordered carbon (D band) by showing
peaks centred at 1592.48 cm1 and 1353.69 cm1, respectively (Fig. 2b). Similar results were obtained for the AC-700 and
AC-900 samples (Fig. S2†). The calculated relative intensity ratio
(ID/IG) values for these peaks for all the samples are summarized
in Table 1. It is found that the intensity of the G band is slightly
higher than the D band, indicating there is more structurally
ordered graphite in the synthesized samples.
Furthermore, the porous properties of samples were examined with N2 adsorption/desorption isotherms, as shown in
Fig. 2c and S2c,† and the corresponding pore size distributions
of the samples calculated by using the nonlinear density functional theory (NLDFT) method are shown in Fig. 2d and S2d.†
The specic surface areas and pore sizes are summarized in
Table 1. All samples exhibited high specic surface areas of over
1000 m2 g1 and typical type-I isotherms, indicating the presence of micropores (1.7 to 1.8 nm). In addition, the isotherm
has slight upward loops at relative pressure P/P0 around 0.5,
which corresponds to the presence of mesopores.37 The hierarchically porous feature together with the high specic surface
area of the samples would be helpful for their electrochemical
applications. Furthermore, the chemical bonding and

SEM (a and b) and TEM (c and d) images of the as-synthesized
GPAC sample.

Fig. 2 XRD pattern (a), Raman spectrum (b), N2 adsorption/desorption
isotherms (c), and pore size distribution proﬁle studies (d), with the
inset showing an enlargement at small pore size, for as-synthesized
GPAC sample.

3.

Results and discussion

3.1. Morphology, spectroscopy, and structural analysis

Fig. 1
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Textural properties of as-prepared various carbon samples
Pore volume (m3
g1)

Specic surface
Vtot
Samples area (m2 g1)
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AC-700
GPAC
AC-900

1142
1197
1046

Pore
Vmicro Vmeso diameter (nm) ID/IG

0.52 0.13
0.51 0.16
0.47 0.14

0.72
0.35
0.33

1.74
1.72
1.82

0.83
0.84
0.84

elemental composition of all samples were examined by XPS. As
shown in Fig. S3,† the C 1s, and O 1s signals were observed in
the full range spectra of the AC-900, GPAC, and AC-700 samples,
which reveal that the obtained carbon materials do not contain
any other signals, which relates to any possible impurities.

3.2. Electrochemical supercapacitor
The electrochemical capacitive performance of each electrode
was investigated by cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) test. Fig. 3a presents GCD curves for
diﬀerent electrode materials (i.e. AC-700, GPAC, and AC-900)
and their analogous CV curves also shown in Fig. S4.† The
obtained specic capacitance values are 202, 233, and 211 F g1
for AC-700, GPAC, and AC-900 electrode, respectively. The GPAC

Electrochemical performance of diﬀerent AC modiﬁed electrodes in 2.0 M KOH aqueous electrolyte solutions. (a) GCD curves at
1.6 A g1 for various modiﬁed electrodes. (b) CV curves of GPAC
electrode scanned at diﬀerent scan rate from 5–200 mV s1, and (c)
GCD curves at various current densities. (d) Capacitance values for
the samples as a function of current density. (e) Cycling stability
performance of the GPAC electrode at 5 A g1, with the inset shows
potential vs. time.
Fig. 3

This journal is © The Royal Society of Chemistry 2017

electrode achieved the highest capacitance value of 233 F g1,
which resulted from its having the highest specic surface area.
We further collected CV curves for the GPAC electrode at
diﬀerent scan rates within the potential window of 1.0 to 0 V.
As shown in Fig. 3b, on increasing the scan rate, the rectangular
shape of the CV curves did not change, even at the high scan
rate of 200 mV s1, which means that the electrode has good
rate performance and can simultaneously increase the current
response. Furthermore, its analogous GCD proles are shown
in Fig. 3c with diﬀerent current densities from 1.6 to 33.3 A g1.
The obtained specic capacitance value compared with some
previous reports in the literature as shown in Table S1.†
Fig. 3d presents the obtained specic capacitance values as
a function of various current densities for the AC-700, GPAC,
and AC-900 materials. The specic capacitance of each sample
decreases when the current density increases, which is common
in most carbon-based electrodes.5,6,9,10 Fig. 3e reveals the cycling
stability for the GPAC electrode at a constant current density of
5 A g1 over 2000 charge/discharge cycles. Aer cycling, about
98% of the initial capacitance was retained, which demonstrated that the electrode has excellent durability. Based on the
results above, the wrinkled graphene sheet-like morphology
could help in the transportation of ions across the electrode/
electrolyte interface. Furthermore, the natural presence of the
heteroatoms would enhance the wettability of the electrode
materials.38,39 In addition, the GPAC sample exhibits a hierarchically porous structure, and this would increase its storage
capacity, which is likely to be the main reason for its enhanced
electrochemical performance.
To ensure suitability for practical application, we fabricated
symmetric cell (SC) supercapacitor using GPAC as the material
for both electrodes, and a polymer gel electrolyte (PVA/KOH)
used as the separator. The capacitive performance of the asprepared SC device (GPAC/PVA/KOH/GPAC) was analyzed, and
the resultant data are shown in Fig. 4. Fig. 4a shows the CV
curves at diﬀerent scan rates for the fabricated SC. Note that
the rectangular shape of its CV curves was maintained up to
400 mV s1, which is higher than for its corresponding threeelectrode performance. The obtained capacitance value
(54 F g1 at 10 mV s1) is shown in Fig. 4b. Furthermore, we
could also measure the capacitance value from GCD method by
scanning at diﬀerent current densities (Fig. 4c). The obtained
specic capacitance value for the SC device is 51 F g1 at
0.83 A g1. As expected, 94% of the initial specic capacitance is
retained aer 1500 cycles, which suggests good stability for the
SC (Fig. 4d). Furthermore, we have plotted the Ragone plot for
the SC and shown that it delivers a maximum energy density of
7.2 W h kg1 (Fig. 4e). As a result, the obtained energy density
value is quite comparable with those of many previously reported biomass-derived carbon-based materials.39–44
To establish a practical device, the GPAC-based three cells
were connected in series and the corresponding electrochemical behavior was tested. As shown in Fig. 5a and b, and
S5,† the operating potential from CV and GCD for a single cell is
1.0 V and can further increase up to 3.0 V by connecting another
two cells in series. Finally, the fabricated device was used to
light up a red LED (working potential below 2.0 V) and

RSC Adv., 2017, 7, 45668–45675 | 45671
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Fig. 4 (a) The solid-state SC (GPAC/PVA/KOH/GPAC) device at
diﬀerent scan rates and (b) its corresponding speciﬁc capacitance as
a function of scan rate. (c) Galvanostatic charge discharge proﬁles at
diﬀerent current densities. (d) Cycling stability performance of the SC
device, with the inset showing potential vs. time. (e) Ragone plot of the
solid-state SC (GPAC/PVA/KOH/GPAC) device.

a photograph of the cell set-up is shown in Fig. 5c. We conclude
that the GPAC material is more suitable for solid-state supercapacitors than liquid electrolyte capacitors because the former
can avoid the leakage of electrolyte in the packed cell.

The solid-state SC device (a) CV proﬁles for one-cell, two-cell,
and three cell devices connected in series. (b) GCD proﬁles for threecell device at diﬀerent operating voltages. (c) Three cells joined in
series and assembled into a solid-state SC device to instantaneously
light up a red LED.

3.3. Electrochemical determination of CA

Fig. 5

Electrochemical properties of the as-synthesized carbon materials were studied by using the CV and DPV methods in 0.05 M
phosphate buﬀered saline (PBS, pH 7.0) electrolyte solution at
a scan rate of 50 mV s1. The electrochemical response to CA
oxidation for bare GCE electrode (a0 ) and for AC-700 (b0 ), GPAC
(c0 ), and, AC-900 (d0 ) modied GCE electrodes with/without the
presence of CA (240 mM) (i.e. the blank (e0 ) is the one without
CA). As shown in Fig. 6a, as compared to AC-700, AC-900, and
bare GCE, the GPAC modied GCE exhibits a sharp peak
current and very low overpotential of 0.16 V. Fig. 6b presents the
CV proles for the GPAC-modied electrode recorded in the
presence of CA (240 mM) at scan rates in the range of 50–500 mV
s1. With increasing scan rate, the peak current was increased,
while the oxidation peak potential was shied towards the
positive direction and reduction peak potential was shied
towards the negative direction. The oxidation peak reveals the
CA to quinone oxidation and again it reduced to CA while in
reduction process (Scheme 2). The inset shows the corresponding calibration plot for the peak current vs. square root of
scan rate, and the linear regression equation is y ¼ 0.243x +

4.163 and y ¼ 0.1036x  4.95 (linear correlation coeﬃcient, R2
¼ 0.9931; R2 ¼ 0.9752). Hence, the oxidation of CA on the
electrode surface is a diﬀusion-controlled process. The reaction
mechanisms can be expressed as follows (Scheme 2).30
Because the peak current depends on the pH, it is critical to
determine an optimized pH value. Fig. 6c shows the optimization of the pH value for the GPAC-modied electrode in the
presence of CA (240 mM) at a constant scan rate of 50 mV s1.
The corresponding calibration plots are shown in the insets. In
inset (i), the peak current of CA was varied as the pH value was
changed (from 4 to 10), because protons can promote the
adsorption of CA on the electrode surface up to pH ¼ 7. When
the pH value exceeded 7, the peak current decreased due to the
prevention of CA absorption by hydroxyl anions. Inset (ii) shows
peak potential vs. pH, which obeys the equation Ep ¼ 0.0525x

45672 | RSC Adv., 2017, 7, 45668–45675
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Fig. 6 (a) CV proﬁles for bare (a0 ), AC-700 (b0 ), GPAC (c0 ), and AC-900 (d0 ) GCEs in the presence of 240 mM CA with a blank measurement (e0 ) at
a scan rate of 50 mV s1. (b) CV curves at diﬀerent scan rates (from 50–500 mV s1) for GPAC modiﬁed GCE. The inset shows the corresponding
peak current vs. square root of the scan rate. (c) Diﬀerent pH studies from pH 4 to 10 for the GPAC electrode. Inset (i): peak current vs. pH, and
inset (ii): correlation between the peak potential (E0) vs. pH. (d) DPV curves for the various CA concentrations over GPAC modiﬁed GCE. Inset:
anodic oxidation peak current (Ipa) vs. CA concentration (mM). Electrolyte solution: 0.05 M PBS (pH 7.0); scan rate: 50 mV s1.

Scheme 2

CA oxidation on GPAC-modiﬁed electrodes.

(pH) + 0.5925 (R2 ¼ 0.9939). This gives a result that is a little
lower than the theoretical pH value. Based on the Nernst
equation, the electrode reaction indicates that an equal number
of protons and electrons are involved in the reversible electrochemical process of CA oxidation. Moreover, Fig. S6a† shows
the relationship between peak current and diﬀerent CA
concentrations from 49 mM to 697 mM, with the calibration plot
in the inset. It was found that the peak current could be linearly
tted with respect to the concentration.

This journal is © The Royal Society of Chemistry 2017

To attain high sensitivity, the fabricated electrode was
further tested by diﬀerential pulse voltammetry (DPV).
Fig. 6d shows the DPV curves for the GPAC-modied
electrode at varying concentrations of CA in PBS solution.
From this result, it was obvious that the oxidation peak
current of CA increased linearly on increasing the CA
concentration. The inset shows the corresponding calibration plot for CA oxidation. Moreover, this electrode exhibits
a wider linear range up to 368 mM, and its resultant linear
regression equation is y (mA) ¼ 0.057 (mM) + 3.015 with
correlation coeﬃcient, R2 ¼ 0.980. Hence, the calculated
parameter values are 4–368 mM, 7.2 mA mM1 cm2, and
0.67 mM corresponding to the linear range, sensitivity, and
limit of detection, respectively. The obtained linear range
and sensitivity values are very high, as compared with
previously reported literatures (Table S2†).45–47
3.4. Real-time application in green tea leaves
For the real-time analysis, a commercially available green tea
sample was purchased in the local market and used aer pre-
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treatment. First, the tea sample was put into a buﬀer solution
(pH 7.0) and was sonicated for 10 minutes prior to ltration.
Fig. 7 presents the CV analysis of CA detection in the green tea
sample. In Fig. 7a, we took 10 mL of PBS containing pre-treated
green tea extract and measured the corresponding CV curves. In
contrast to the blank sample showing no peak in the CV curve,
the green tea-containing sample showed several broad peaks.
When we increased the concentration of green tea extract, the
CV peaks became stronger, as shown in Fig. 7b. In addition,
Fig. S6b† presents the DPV curves of the green tea-containing
sample, where a standard chemical was added. The results
exhibited a good linear range up to 206 mM, indicating that the
GPAC-based electrode is suitable for real time detection.

3.5. Reproducibility and stability studies
Stability and reproducibility are two of the most important
issues for real time applications of sensors. To study these two
issues, the GPAC-modied electrode was tested in the presence
of CA (240 mM), and the electrode was then stored at room
temperature for one week. Aer that, we collected CV curves
again and found that the sample retained 92% of its original
performance with a relative standard deviation (RSD) value of
1.54%. To measure reproducibility, we tested ve diﬀerent
GPAC modied electrodes for their ability to detect CA. We
found that all the data were similar with an RSD value of 2.3%.
Consequently, we can conclude that the synthesized GPACbased electrodes exhibit excellent reproducibility and stability.

Paper

4. Conclusions
We have demonstrated an eco-friendly method to convert
lignocellulosic biomass to activated carbon material (namely,
graphene-like activated carbon (GPAC)) with a high specic
surface area (1197 m2 g1), hierarchical pore structure (mesoand micropores), and graphene-like framework. These advantages endow the GPAC material with a maximum specic
capacitance value of 233 F g1 at a current density of 1.6 A g1.
In addition, we further used GPAC to fabricate a symmetric
solid state supercapacitor, and it exhibited a high energy
density of 7.2 W h kg1. In addition to the supercapacitor, the
GPAC-based electrode also revealed excellent performance
towards the detection of catechin (CA). The proposed CA sensor
exhibits extraordinary analytical advantages such as low overpotential, as well as a wide linear range with good sensitivity
and a low detection limit, which would enable its use in realtime CA detection in green tea leaves.
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(a0 ) and 10 mL of green tea extract solution (b0 ). (b) CV curves for
diﬀerent amounts (from 100–300 mL) of green tea extract in the PBS
solution. Scan rate: 50 mV s1.
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